6 additional economic loss due to revenue lost by delayed start of the project operation and by increased interest during construction will also be the case. Figure 1 illustrates the cost implication that will be caused by changes in rock mass quality conditions. The fi gure defi nes the relative tunnel support cost for different rock mass quality classes in relation to the tunnel excavation costs.
Introduction

M
any tunnels built around the world experience considerable variation between the predicted and actual rock mass conditions. Particularly, it is the case in most of the tunneling projects built in the Himalayan region. The variations in the predicted and actual rock mass quality generally leads to a considerable increase in the rock support requirement and also to a certain extent the need for increased quantities of tunneling machinery compared to what is being anticipated during planning. Minimizing the quality variations in advance (at project planning), controlling tunnel support costs and construction time are, therefore, very essential to make tunneling projects attractive and feasible.
Given the heterogeneous nature of the rock mass, it is almost impossible to eliminate all uncertainties related to rock mass quality deviations. Still, it is important to control variations within acceptable limits because unexpectedly large discrepancies between the predicted and actual rock mass conditions in the tunnel have a direct link to the tunnel project cost and construction time. Moreover, such discrepancies give room for claims from the contractor since he/she will need additional resources to deal with the diffi cult conditions that he/she did not anticipate during bidding. It will be a big setback to the client, which may create an environment for unnecessary contractual disputes, claims and counter claims. As a consequence, the completion of the project within the projected construction schedule may not be possible, and
Probabilistic Approach for Assessing Rock Mass Quality in the Tunnel
Krishna Kanta Panthi
Abstract: Rock mass is a heterogeneous media and the quality of the rock mass may change within a very short distance. As a result, on many occasions considerable discrepancies (variations) have been found between the predicted and actual rock mass conditions along the tunnel alignment, resulting in signifi cant cost and time overruns. Finding innovative solutions for quantifying the quality of rock mass and assessing the risk of discrepancies are, therefore, key issues for cost effective and optimum tunneling solutions in the Himalayan region.
In this paper, a probabilistic approach of uncertainty analysis has been proposed to evaluate the quality of rock mass based on the Q-system of rock mass classifi cation. Mapped rock mass quality data from the Modi headrace tunnel from Nepal have been used as a case study. The degree of correlation between the simulated results achieved by a probabilistic assessment using @Risk and values actually measured in the tunnel have been discussed. It is concluded that the probabilistic approach can be used as a tool in predicting rock mass quality and assessing risk in tunneling projects.
Key words: Probabilistic approach, rock mass quality, tunnel, Nepal look at the potentiality of using the probabilistic approach of uncertainty analyses to assess the quality of the rock mass. An uncertainty model is proposed and the model is used to correlate the rock mass quality predicted during planning with the quality of the rock mass actually mapped during tunnel excavation. Discussions are also made on whether such an rock support cost will be more than 125 percent of the excavation cost. This discrepancy (variation) in the rock mass class will lead to the increase of tunnel rock support cost by more than twofold. If the actually encountered rock mass quality is mapped with "Very poor" (class 5) category (which can also be the case in many Himalayan tunneling works), the tunnel rock support cost will increase dramatically (almost four times the originally predicted costs). How to control this risk of variation is a real challenge to the tunnel project management team. Therefore, fi nding innovative solutions in predicting rock mass quality is important. The aim of this paper is directed towards this problem. The paper attempts to approach could be used in real life. The rock mass quality index data from the Modi Khola headrace tunnel are used as a case study in this endeavor.
Proposed Methodology for the Assessment
The methodology proposed for a probabilistic approach of uncertainty analysis in predicting and quantifying the probable distribution of rock mass quality given in Figure 2 . As Figure 3 indicates, while carrying out a probabilistic assessment, it is important to characterize the most representative probability distribution functions (pdf) for the input parameters related to the uncertainty in concern (Panthi 2006) . This is because the representative of each input parameters are the only possible way to reliably and quantitatively predict the probability distribution of the output of an uncertainty. Even though, any type of uncertainty analysis may be carried out based on the approach given in Figure 3 , this paper mainly focuses only on the uncertainty analysis for the assessment of the rock mass quality index (Q). The software program @Risk, an advanced statistical risk analysis software introduced by Palisade Corporation in 1996 and updated in 2002 (version 4.5), has been used as a computing tool to realize the model proposed in Figure 3 .
Brief About the Case Tunnel Project
The Modi Khola hydroelectric project generates 91 GWh of electrical energy annually. The project has a medium head of approximately 67 meters and a design discharge 27.5 m Geologically, the project area lies in the Precambrian sequence of the lesser Himalayan meta-sedimentary rock formations. The bedrock along the underground waterways of this project is mainly dominated by fractured and abrasive quartzite (Himal Hydro 2001) . The fi rst 500 meter upstream section of the headrace tunnel passes through a weakness zone consisting of highly fractured quartzite and highly sheared and deformed phyllite in intercalation (Figure 3 ). With the well exposed rock along the Modi River, the rock mass conditions along this tunnel alignment were not diffi cult to predict. As a result, the deviation between the predicted and actual rock mass condition was not that signifi cant as experienced in other tunneling projects in the Himalayan region.
The rock mass conditions observed during excavation along the headrace tunnel and vertical shaft were found to be of good quality ranging from greenish to white quartzite. However, exceptions were found in the tunnel section passing through weakness and fracture zones where rock mass quality was of very poor to extremely poor quality class (Himal Hydro 2001) .
The tunnel mapping records indicate that there exist three sets of joints and occasional random joints along the tunnel alignment. The discontinuities present in the rock mass were found to be slight to moderately weathered with some degree of alteration. Most of the discontinuities were smooth undulating to smooth planner. The discontinuities were fi lled with a thin layer of silty clay fragments. In addition, thin bands of highly sheared green to dark gray mica schist were found intercalated within massive quartzite at some locations (Himal Hydro 2001) .
Probabilistic Assessment of Rock Mass Quality
Natural outcrops, excavated road cut slopes, borehole cores, geophysical investigation results and excavated tunnel faces are the most common sources of information that are used for classifying the rock mass quality index. It is generally accepted that quantifi cation of input parameters in most of the classifi cation systems are very subjective and mostly dependent on the personal judgement of the user. The subjectivity and the extent of variations among the observers in quantifying input parameters of some of these classifi cation systems have been discussed by Nilsen et al (2003) .
In this paper, two tunnel segments (segments L1 and L2) from the Modi headrace tunnels (Figure 3 ) are used as examples for the probabilistic assessment. The Q-system of rock mass classifi cation, which was used to quantify the quality of rock mass in this tunnel, is used as a basis for the analysis. The rock quality index (Q) is a function of six variable input parameters and is described by the following equation as suggested by Barton et al (1974) : ( 1 ) In the equation: RQD is the rock quality designation that represents the degree of jointing and its rating varies from 10 to 100; J n is the joint set number that varies from 20 to 0.5; J r is the joint roughness number that varies from 0.5 to 4; J a is the joint alteration number that varies from 20 to 0.75; J w is the joint water reduction factor that varies from 0.05 to 1, and SRF is the stress reduction factor that varies from 400 to 1.
It should be emphasized here that higher rating numbers of the denominator in Equation 1 (J n , J a and SRF) contribute to the reduction of the Q-value. Therefore, while assigning probability density functions (pdf) representating the denominators J n , J a and SRF, it should be kept in mind that the higher values give smaller values with respect to rock quality index (Q).
In terms of probabilistic assessment, the rock mass quality index (Q) should be considered as an uncertainty (variable) that is dependable on these six variable input parameters, and all six variables given in Equation 1 are considered to be independent with respect to each other. The main principle of the probabilistic assessment based on the Q-value is thus to characterize the uncertainties that exist while estimating these six variable input parameters. Characterization of these uncertain input variables is done by assigning probability density functions (pdf) to each of them. Logical judgement, mapped input variables in the tunnel during excavation and the best fi t tool are used to defi ne the probability density function (pdf) for each input variable.
Segment L1 with Very Weak Rock Mass (Chainage 0-325)
This section of the headrace tunnel has a relatively low overburden of less than 100 meters (see Figure 3) . During planning, this section was considered to be a highly fractured zone with a potential of moderate groundwater infl ow. In reality, the rock mass was found to be highly weathered and extremely weak, representing a weakness zone. In the tunnel, the rock mass in the upstream section of approximately 225 meters was found mainly to consist of highly fractured and extremely weathered quartzite with frequent intercalations of bands of extremely weak, highly sheared phyllitic schist. After this, the rock mass was dominated by a shear zone consisting of highly sheared phyllitic schist until chainage 325m.
Descriptions of Q-value Parameters
Defining Probability Density Functions (pdf):
The predicted and actual ranges of input variables for the Q-values with their minimum, maximum, mean and most likely or median values are given in Table 1 . In addition, the assumed probability density functions (pdf) of each input variable and mapped value for the simulation of @ Risk model are also given in the table.
Achieved simulation results:
The @Risk uncertainty analysis model was run after defi ning and assigning the probability density functions (pdf) for each input variable of the quality index (Q) given in Table 1 . The outcomes of the pseudo-randomly distributed rock mass quality index (Q) based on simulation by @Risk are shown in Figure 4 . The fi gure shows the relative frequency (probability density) and cumulative distributions of the Q-values representing the iteration results based on @Risk for both predicted and actual rock mass conditions. The cumulative diagram also includes the distribution of actually mapped Q-values recorded during excavation for the fi rst 325 meter long tunnel section (L1). Figure 4 shows that the probability distributions for the actual and predicted ranges of the rock mass conditions are very close to each other. The rock mass actually encountered was of slightly better quality than was anticipated during the prediction. The main reason for this was the thickness of the sheared phyllitic schist, which was found to be shorter than estimated during planning.
The cumulative probability distribution as calculated from the actual tunnel data by @Risk and the distribution 
Segment L2 with Fair to Good Quality Rock Mass (Chainage 325-1025m)
This section of the Modi Khola headrace tunnel (Figure 3 ) has a moderate overburden (between 75 and 250 meters). The rock mass mainly consists of very was found to be slightly more altered and weathered than anticipated during the prediction.
The cumulative distribution as calculated from the actual data by @Risk and the distribution of actually mapped values of the quality index Q are also found to be in close agreement (see Figure 5 right). As seen in the left fi gure, there is a good overlap in the frequency distributions for the predicted and actually mapped Q-values. This indicates that the assigned probability density functions of the input variables in Table 2 are representative and may represent the real ground conditions. hard, abrasive, fresh to slightly weathered and jointed quartzite. The discontinuity surfaces in the tunnel were observed to be altered and fi lled with silt and clay, but the overall quality of the rock mass observed in the tunnel was found to be of fair to good quality, as predicted during planning.
Descriptions of Q-value Parameters
Defining probability density functions (pdf):
The predicted and actual ranges of the input variables for the Q-value with their minimum, maximum, mean and most likely values are given in Table 2 . In addition, the assumed probability density functions (pdf) of each input variable and mapped value for simulation by @Risk are also given in the table.
Achieved simulation results:
The @Risk uncertainty analysis model was run after defi ning and assigning probability density functions (pdf) for each input variable of the Q-value given in Table 2 . The outcomes of the pseudo-randomly distributed rock mass quality index (Q) based on simulation by @Risk are shown in Figure 5 . Figure 5 shows relative frequency (probability density) and cumulative distributions of the Q-values representing the iteration results based on @Risk for the predicted and actual rock mass conditions. The cumulative diagram also includes the distribution of Q-values recorded during excavation, in this case for a 700 meter long tunnel section.
As shown in Figure 5 , the probability distributions based on @Risk for actual and predicted ranges of the rock mass conditions are very close. The actual rock mass
Discussions and Conclusions
As described, these two segments of the headrace tunnel represent two different scenarios with respect to the predicted and actual rock mass conditions, and are, therefore, valuable for the discussion concerning the sensitivity of the assessment. The rock mass quality rating is infl uenced by the degree of jointing as well asthe degree of weathering and alteration.
In the tunnel segment L1 (Chainage 0-325m), very poor quality rock mass was predicted, and the rock mass actually found in the tunnel was also mapped in the same category with some positive deviation, which means improved rock mass quality than predicted. The simulated results of the probability distribution achieved by @Risk are not very different from the predicted and actually mapped rock mass quality for the lower values; i.e. for Q-values less than 0.02. On the other hand, the distribution achieved by @Risk gave slightly smaller values than actually mapped. This indicates some discrepancies but not to a high degree than expected. Similarly, in the tunnel segment L2 (Chainage 325 -1025m) where fair to good quality rock mass was predicted, the actually found rock mass quality was also in the same rock class category. The simulated results of the probability distributions for the quality index Q based on @Risk are very similar to that actually mapped in the tunnel thereby granting validity to the applicability of the proposed probability assessment model.
Hence, it can be concluded here that the probabilistic approach for evaluating rock mass quality can be used in real life and is a useful methodology. More importantly, such analysis may prove to be a valuable tool to make
